Sea-level rise (SLR) can modify not only total water levels, but also tidal dynamics. Several studies have investigated the effects of SLR on the tides of the western European continental shelf (mainly the M2 component). We further investigate this issue using a modelling-based approach, considering uniform SLR scenarios from −0.25 m to +10 m above present-day sea level. Assuming that coastal defenses are constructed along present-day shorelines, the patterns of change in high tide levels (annual maximum water level) are spatially similar, regardless of the magnitude of sea-level rise (i.e., the sign of the change remains the same, regardless of the SLR scenario) over most of the area (70%). Notable increases in high tide levels occur especially in the northern Irish Sea, the southern part of the North Sea and the German Bight, and decreases occur mainly in the western English Channel. These changes are generally proportional to SLR, as long as SLR remains smaller than 2 m. Depending on the location, they can account for +/−15% of regional SLR. High tide levels and the M2 component exhibit slightly different patterns. Analysis of the 12 largest tidal components highlights the need to take into account at least the M2, S2, N2, M4, MS4 and MN4 components when investigating the effects of SLR on tides. Changes in high tide levels are much less proportional to SLR when flooding is allowed, in particular in the German Bight. However, some areas (e.g., the English Channel) are not very sensitive to this option, meaning that the effects of SLR would be predictable in these areas, even if future coastal defense strategies are ignored. Physically, SLR-induced tidal changes result from the competition between reductions in bed friction damping, changes in resonance properties and increased reflection at the coast, i.e., local and non-local processes. A preliminary estimate of tidal changes by 2100 under a plausible nonuniform SLR scenario (using the RCP4.5 scenario) is provided. Though the changes display similar patterns, the high water levels appear to be sensitive to the non-uniformity of SLR.
Introduction
Coastal plains are a prime example of risk-prone areas. Coastal flooding risks are expected to increase, due to both population growth in coastal areas and a greater likelihood of coastal flooding, which is a response to climate change and the resulting rise in mean sea-level (Hinkel et al., 2013; Wong et al., 2014) . In theory, sea-level rise (SLR) has a direct effect on total instantaneous water levels, as well as indirect effects on tides and storm surges (e.g., Weisse et al., 2012) . These indirect effects can be considered negligible in deep water, but may become significant in shallow-water areas, where non-linear interaction processes are generated (Pugh, 1987) . Arns et al. (2015) found that an SLR of +0.54 m induces an increase in high water levels (in addition to SLR) that exceeds 10 cm in the shallow-water areas of the Wadden Sea, and also that the water level changes in the German Bight are caused by non-linear and spatially not coherent changes in the tidal constituents. It is therefore worthwhile to better understand and map the effects of SLR on tides in shallow-water areas such as the western European continental shelf.
As discussed by Pugh (1987) , this shelf is subject to the following tidal dynamics. The Atlantic semi-diurnal Kelvin wave propagates from south to north. Energy is transmitted to the Celtic Sea and the English Channel, where it partly leaks into the North Sea and to the North Sea by diffraction around the north of Scotland (Fig. 1b) . The English Channel and the Irish Sea respond similarly to the incoming wave from the Celtic Sea (a tidal wave takes about seven hours to travel from the shelf edge to the entrance of the Irish Sea and the Dover Strait). In addition to the presence of 6 amphidromic points (3 complete and 3 degenerate), several areas are close to resonance (e.g., Celtic Sea and Bristol Channel). The first question that arises is, "What is the influence of SLR on this complex set of tidal dynamics?" Both at the global scale and within the western European shelf area, tide gauge analyses over the last century show changes in the characteristics of primary tidal components M2, S2, K1 and O1 (Woodworth, 2010) . As highlighted by Woodworth (2010) and Pickering et al. (2012) , many phenomena can contribute to these changes (including local phenomena such as dredging, harbor construction, resonance changes and meteorological effects, in addition to SLR). To isolate the influence of SLR on European shelf tides, many studies have used a modelling approach (e.g. de Ronde, 1989) . The most recent comparable studies, i.e., Pickering et al. (2012) , Ward et al. (2012) , and Pelling et al. (2013 Pelling et al. ( , 2014 investigate the effects of uniform SLR scenarios. These studies use two main coastal defense scenarios.
(1) In one of these scenarios, the grid cells located inland can be flooded (hereafter called the "flood" scenario). (2) In the other scenario, they cannot, meaning that the computational domain stops at the shoreline, and therefore that the coastal defenses are assumed to be infinitely high (hereafter called the "no flood" scenario). Indeed, tides alone can cause flooding in areas such as the Netherlands, so that considering coastal defenses potentially impacts the results of tidal modelling. These recent studies produce consistent results for comparable tests (i.e., using the same SLR scenario and flooding options). For an SLR of +2 m and in a "no flood" case, Pickering et al. (2012) and Pelling et al. (2013) obtain variations in M2 tidal amplitude ranging from −15% to +15% of the SLR. Both studies anticipate increases in M2 amplitudes in the Irish Sea, the southern North Sea, and the eastern English Channel, as well as decreases in M2 amplitudes in the western English Channel and the Celtic Sea. However, the signs and magnitudes of the changes display local discrepancies. For instance, Pickering et al. (2012) obtained an increase in M2 amplitude in the German Bight, whereas Pelling et al. (2013) obtained a decrease. Furthermore, Pickering et al. (2012) , who investigated +2 m and +10 m SLR scenarios, conclude that the M2 tidal response is nonlinear in the North Sea, whereas Pelling et al. (2013) found that the behavior was (nearly) linear (for SLR ranging from +2 m to +5 m). In these papers, "linear" was used to refer to tidal changes that are proportional to sea-level rise values. As the physical processes behind the SLR-tide interaction are fully non-linear, the term "proportional" is preferred in the present paper.
The above results were obtained for "no flood" scenarios. Pelling et al. (2013) show that tidal changes are sensitive to the coastal flooding option chosen. For instance, for the +2 m SLR scenario and for the "flood" case, they obtain a decrease in M2 amplitude in the Irish Sea (i.e., a trend opposite to that seen in the "no flood" case). For a larger SLR (+5 m), the M2 amplitude increases. Thus, in this area, the spatial patterns of positive and negative changes depend on the magnitude of SLR. Such a dependence of spatial patterns on the value of SLR is also found in the North Sea when flooding is allowed. In the present paper, the term spatial similarity refers to cases in which the sign (plus/minus) of the ratio between tidal changes and sea-level rise is constant at a given location (so that the areas with positive and negative signs remain the same), regardless of the sea-level rise scenario. In this case, the changes are characterized as being spatially similar.
The above modelling studies investigate the influence of uniform SLR either on the M2 or on the M2, S2 and M4 tidal components. The time span covered by the computations was limited to tens of days (a maximum of 30 days in the studies of Ward et al. (2012) and Pelling et al. (2013) ), restricting the investigation of additional tidal components, as well as the influence on the highest and lowest tide levels that would be reached during a longer time span. As suggested by Pickering et al. (2012) , "For an accurate harmonic analysis of all significant constituents a longer model run (1 year) would be required". In addition, although the proportionality between the M2 component and SLR has been discussed (e.g., Pelling et al., 2013) , no studies have systematically quantified the spatial similarity and proportionality of the tidal response (e.g., the M2 amplitude and high tide level) with respect to sea-level rise on a scale of several kilometers over the entire western European continental shelf.
The present paper investigates the effects of SLR on the tides of the western European continental shelf by addressing the following questions: (Q1) What is the influence of sea-level rise on water levels in terms of spatial similarity, proportionality and the contributions of tidal components? (Q2) What are the main mechanisms at work? (Q3) To what extent are the results affected by allowing or not allowing inland flooding? (Q4) What would be the effect of a non-uniform SLR D. Idier et al. Continental Shelf Research 137 (2017) 56-71 that could plausibly occur by 2100? First, the method is described (Section 2). Then, the effects of SLR on tidal water levels and components are analyzed (Section 3). The possible physical mechanisms producing these changes (e.g., resonance, friction, and reflection) and the effects of allowing inland flooding are analyzed in Section 4. In Section 5, we investigate the effects of a regionally variable SLR scenario, discuss the modelling assumptions, compare our results with those from previous studies and discuss the implications of our conclusions for flooding hazard assessment. Conclusions are drawn in the last section.
Methods

Hydrodynamic model and validation
The selected numerical model is MARS, which is based on the shallow-water equations (Lazure and Dumas, 2008) . The computational domain (Fig. 1a, shown as a red box in the inset) is large enough to ensure that sea-level rise has no impact on the tidal components at the open boundaries of the domain. The grid cell size is 2 km (maps showing the results are plotted at a resolution of 6 km). Bed shear stress is computed using a Strickler coefficient of 35 m 1/3 s −1 , which corresponds to a drag coefficient of 0.0026 for a water depth of 30 m. The 14 main tidal components (Mf, Mm, Msqm, Mtm, O1, P1, Q1, K1, M2, K2, 2N2, N2, S2 and M4) are used to force the tide at the open boundaries, and these components are derived from the FES2004 global tidal model (Lyard et al., 2006) . As in the study of Pickering et al. (2012) , the direct effect of the tide-generating force is not taken into account (as shown by Gerritsen et al. (1995) , the European Shelf is too small and too shallow to respond significantly to such forcing). The bathymetric and topographic data come from the GEBCO database (in deeper areas), bathymetric lidar and echo-sounding measurements (in shallower areas), and also the GTOPO30 data (in inland areas).
In the first part of this study, we consider a "no flood" scenario, which is a realistic assumption for coasts such as the Netherlands (Pickering et al., 2012) . However, predicting future coastal defenses in other areas remains highly uncertain. Thus, the influence of uniform coastal defense strategies ("no flood" vs."flood") is further discussed in Section 4.
Our model is similar to the one used and validated by Idier et al. (2012) for the English Channel. Here, we complete the validation at a scale covering the entire western European Shelf. First, the comparison of the M2 co-tidal map obtained from our model (Fig. 1b) with those based on measurements (Howarth, 1990 ) and other modelling experiments (e.g., Pelling and Green, 2014) shows that the six M2 amphidromic systems (of which three are in the North Sea, one is in the English Channel, one is in the Celtic Sea, and one is in the Irish Sea) and the related M2 amplitude and phases are properly reproduced.
Modeled water levels are then compared to tide gauge data from 16 locations (Fig. 1a) , over the entire year 2009. Instead of using direct observations, which contain gaps at some sites, we use the continuous data-based tidal predictions provided by SHOM. These predictions are based on tidal component analyses of water level records covering many years. Comparison of the modeled and data-based highest annual tides shows that most of the sites exhibit an error smaller than 5% (shown in blue in Fig. 2a) . The largest relative errors are probably related to the 2-km resolution of the model, which is slightly coarse to allow for accurate reproduction of tides at gauges located at sites characterized by complex configurations, as in the cases of tide gauges S4 (which is located in a harbor in front of the 1.8-km-wide channel between La Rochelle and Ré Island), S5 (which is located on Helgoland, which is made up of two islands with widths less than 1 km) and S10 (which is located at the entrance of a river and a channel that is open from time to time). Excluding S4, S5 and S10, the rms error is 0.078 m, and the r 2 value is 0.997. Thus, the model reproduces the overall features of the highest tides quite accurately, though its coarse resolution should be borne in mind when making comparisons with data from particular tide gauge stations.
To complete the validation, we performed a tidal components analysis of both the model results and the data-based tide prediction we used above, covering the entire year 2009. For this analysis, we used the Tidal Toolbox software (provided by LEGOS) and ensured that each component computed with this toolbox (i.e., 93) was effectively present in the data-based tidal prediction. Comparison of the modeled and data-based tidal components (see Fig. 2b for the 5 main components M2, S2, K2, N2 and M4) shows that the quality is comparable to that of similar studies (e.g., Arns et al., 2015) .
Simulations, analyses and sea-level rise scenarios
If there were no change in the tidal dynamics, future water levels induced by SLR and tides could be estimated by adding the SLR to the present tide (ξ). In the following analysis, we investigate the effects of SLR on tides, and more specifically on the highest tide level (ξ max ) reached during the simulated year 2009 and on the amplitudes and phases of the tidal components (CST amp and CST phase , respectively, with CST representing the name of the tidal component). The analysis is performed for the area covered by Fig. 1b . We compute ξ max , CST amp and CST phase using the Tidal Toolbox software. We focus on tidal components having amplitudes larger than 10 cm in at least 100 grid cells within the computational domain (which represents 0.2% of the wetted cells). Based on the tidal component analysis of the model results, these components are O1, K1, N2, M2, S2, K2, 2N2, M4, MS4 and MN4 (Fig. 3) .
As in previous studies (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013; Pelling and Green, 2014) , we first investigate how a uniform sea-level rise affects the tides. For this purpose, we consider the following SLR values: −0.25, 0, +0.25, +0.5, +0.75, +1, +1.5, +2, +3, +5 and +10 m. This includes a control run corresponding to the present situation (SLR=0 m), as well as idealised scenarios that correspond to sea levels that are plausible for more or less distant times in the past or future. The −0.25 m scenario may be considered as a lower bound for the preindustrial sea level (Church and White, 2011; Wöppelmann et al., 2014; Hay et al., 2015; Mitrovica et al., 2015) . According to the IPCC 5th Assessment Report, a sea-level rise of +0.25 m is likely by 2046-2065, regardless of greenhouse gas emissions, and the likely range for the high emissions scenarios is +0.5 to +1 m by 2100 (Church et al., 2013a) , which does not exclude larger amounts (Church et al., 2013b) . For example, Jevrejeva et al. (2014) estimate that there is a probability of approximately 5% of exceeding +1.8 m by 2100. Importantly, sea level will continue to rise beyond 2100 (Church et al., 2013a) and is likely to reach several meters by 2200 (Kopp et al., 2014) . Finally, consistent with Pickering et al. (2012) , we also consider a +10 m SLR scenario. This scenario would have major geomorphologic impacts on coastal zones, greatly exceeding the range of uncertainties covered by the "flood"/"no flood" cases considered in this article. However, this scenario is possible over the next 3-4 centuries if all fossil fuel resources are consumed (Winkelmann et al., 2015; Clark et al., 2016) .
3. Tides and sea-level rise 3.1. Tidal water levels Fig. 4 illustrates the influence of SLR on the whole tidal curve based on several tide gauges used for model validation. Here, we focus on the mean spring tide. There are changes in high and low tide levels, as well as a temporal shift, and, depending on the location in question, changes in the shape of the curve.
In the following analysis, we focus on the effects of SLR on high tide levels (ξ max ). In each grid cell, we compute the difference (here called Δξ max (SLR)) between the maximum tidal water level reached over the simulated year for a given SLR scenario (ξ max (SLR)) and the maximum reached for the control case (ξ max (SLR=0)). For the sake of readability, Δξ max (SLR) will be written as Δξ max . To compare the spatial patterns of tidal water level changes for several SLR scenarios, we focus on the ratio Δξ max /SLR. Fig. 5 shows the results for the +1, +2 and +5 m scenarios, with ξ max (SLR=0) plotted in the left column. Δξ max /SLR ranges from −15% to +15% of SLR. The most negative values are observed in the western English Channel, and the most positive ones are observed in the southern North Sea, the eastern English Channel and the Irish Sea. For instance, the Bay of Mont Saint-Michel exhibits a decrease of 15 cm for an SLR of +1 m.
Fig. 5 also provides information on spatial similarity and proportionality of tidal changes (i.e., at a given location, does Δξ max /SLR always have the same sign and approximately the same value, regardless of the SLR scenario? ). Over most of the domain, the effect of SLR appears to be spatially similar, and a proportional relation is observed between SLR and tidal changes. However, there are two main areas where the sign of tidal change depends on the magnitude of sea-level rise, and these areas occur in northeastern Scotland (Muray Firth, where Δξ max > 0 for SLR=+1 m, while Δξ max < 0 for SLR=+5 m) and along the western coast of Denmark (Δξ max < 0 for SLR=+1 and +2 m, while Δξ max > 0 for SLR=+5 m). In terms of proportionality, focusing on areas where changes have the same sign regardless of the SLR value, the Δξ max /SLR ratio appears to be almost constant in some areas (e.g., western English Channel), whereas it changes in other areas (e.g., in the Seine Bay or the central southern part of the North Sea).
To better assess the areas of spatial similarity and proportionality, we apply the following method within a given SLR range to each grid cell. First, the sign of the ratio Δξ max /SLR is computed in each grid cell and for each SLR value. If the sign changes with the SLR values, the cell is rejected. Otherwise, the sign (i.e., a binary value) is plotted ( Fig. 6a) . By mapping these binary values, the areas of spatial similarity can be identified. Then, changes are considered proportional to SLR in a given grid cell if the following 3 conditions are met: (1) they are spatially similar, (2) the correlation between Δξ max and SLR is strong (r > 0.9) and significant (p-value < 0.05), and (3) the standard deviation of Δξ max /SLR is sufficiently small (here, less than 0.02). In this case, the coefficient of proportionality between SLR and tidal changes (which is called a ξ max and is obtained by linear regression such that Δξ max =a ξ max x SLR) is plotted ( Fig. 6a shows that the changes are spatially similar over most of the domain (70% of the domain for the G2 SLR range). The main patterns are as follows. Consistent negative patterns are located northwest of Scotland, in the western English Channel, in the Shetland Sea and north of the Southern Bight; positive patterns occur mainly in the North Sea, the Irish Sea, the eastern English Channel and along the French Atlantic coast. However, changes for the largest SLR range (G3) appear less spatially similar than for the smaller ranges (G1 and G2), especially in the Celtic Sea and around the M2 amphidromic points, probably due to SLR-induced migration of the amphidromic points (Fig. 7a) . Whereas the amphidromic points (APs) of the Irish Sea, Celtic Sea and the English Channel are relatively stable, the Danish AP migrates to the northwest, and the 2 last North Sea APs migrate east-northeast (see, e.g., Pickering et al. (2012) for a discussion on AP migration). The central North Sea AP is the one that migrates furthest ( > 10 km for SLR=2 m). Larger migration distances are obtained for larger SLR values. Over the entire area, the a ξ max rates (Fig. 6b ) indicate water level changes ranging from −15% to +15% of SLR (i.e., −0.15≤ a ξ max ≤+0.15). The largest increase is observed in the German Bight, and the largest decrease is observed in the western English Channel. Again, whereas both the G1 and G2 SLR ranges produce very similar results, the largest SLR range (G3) leads to reductions in correlation and proportionality between the changes in maximum water levels and SLR. Thus, over most of the domain, Δξ max is proportional to SLR when SLR ≤+2 m. Fig. 8 ("no flood" case) shows the evolution of Δξ max versus the SLR scenarios at three points (A, B, C, see Fig. 1a ) located in areas of significant change: the western English Channel, the Irish Sea and the Wadden Sea. We should keep in mind the results provided by Fig. 6 for these locations: Δξ max is similar (that is, the sign is unchanged) at the three points; Δξ max is proportional to SLR for the ranges G1, G2 and G3 at points A and B; and Δξ max is proportional to SLR only for ranges G1 and G2 at point C (there is no value for the Wadden Sea in Fig. 6b3 ). Fig. 8 illustrates this behavior and shows that the linear approximation of ξ max changes with SLR up to SLR=+2 m is an imperfect but reasonable approximation for these locations. Based on the above results, we will mainly focus on changes induced by sea-level rises smaller than or equal to 2 m (i.e., range G2), and discuss the more extreme sea-level rise scenarios selectively.
The evolution of the minimum water level (ξ min , figure not shown) exhibits, within the G2 range, an overall symmetry with the maximum water level changes: (1) Δξ min is positive (negative) where Δξ max is negative (positive), so that there is a decrease (increase) in the tidal D. Idier et al. Continental Shelf Research 137 (2017) 56-71 range; (2) areas with large |Δξ min | correspond to areas with large |Δξ max |. However, there are local exceptions to this symmetry, e.g., north of Ireland, north of the UK and along the French Atlantic coast. These areas correspond to sites with increasing tidal asymmetry (for an example, examine the tidal curve from La Rochelle shown in Fig. 4 ).
To conclude, the changes in maximum water level are almost proportional to SLR at most locations within the study area, as long as SLR does not exceed +2 m. The largest changes (positive or negative) are observed in the western English Channel, the Irish Sea and the German Bight (especially the Wadden Sea). D. Idier et al. Continental Shelf Research 137 (2017) 56-71 3.2. Tidal components Fig. 3 shows the patterns of the main tidal components and their trends. For SLR=0 m, N2, M2, and S2 are the dominant tidal components, which have amplitudes of tens of centimeters over most of the domain. The other components reach tens of centimeters locally. Fig. 3 also shows the coefficient of proportionality (a CST amp ) between SLR and the change in tidal component amplitude, as computed for the G2 SLR range. First, the changes in the amplitudes of the tidal components appear to be spatially similar and proportional to SLR over a large part of the domain. M2 exhibits the largest variations, and a M2 amp reaches −0.1 and +0.1, (i.e., −10% and +10% of the sea-level rise). In other words, its variations are similar to those of the maximum water level (a ξ max ). There is also a strong similarity between the patterns of M2 change and maximum changes in water level. S2 and N2 exhibit similar patterns but with smaller coefficients; a S2 amp and a N2 amp range from about −0.03 to +0.03. The quarter-diurnal components M4 and MS4 have completely different patterns of change and exhibit smaller variations (relative to SLR), with a CST amp values in the range [−0.01; +0.01]. However, in terms of changes relative to the tidal component amplitude (i.e., a CST amp normalized by the tidal component amplitude when SLR=0, named â CST amp ), the quarter-diurnal components are those that show the largest changes. For example, changes in â M4 amp can be larger than 100%, especially around the amphidromic points in the north-eastern part of the North Sea (figure not shown), whereas the maximum change in â M2 amp is approximately 30%.
To relate the variations in the maximum tidal water level to those of the amplitudes of the tidal components, the correlation coefficients between Δξ max and ΔCST amp were computed in every grid cell. The correlations are significant (p-value ≥0.05) in most of the grid cells (Fig. 3) . Areas without significant correlations (in white) are observed mainly around the amphidromic points, and their extents are larger for the quarter-diurnal components. Comparison of Fig. 6b2 and Fig. 3 (a CST amp and the correlation coefficient r) shows that:
(1) North of the UK, in the Celtic Sea and in the western English Channel, a decrease in ξ max would be related to a decrease in the semi-diurnal components. (2) In the North Sea and in the Irish Sea, an increase in ξ max would be related to an increase in the semi-diurnal components. (3) Along the French Atlantic coast, an increase in ξ max would be related to an increase in the quarter-diurnal components.
Thus, the semi-diurnal components determine the main patterns of change throughout the study area, with the exception of the French Atlantic coast, where the quarter-diurnal components play a significant role. The other components obviously contribute to these patterns, but Fig. 4 . Tidal curves from the S01, S02, S04, S07, S08, and S09 tide gauges (see Fig. 1a for locations) for a mean spring tide (equivalent to tidal forcing conditions occurring on 12-13 January 2009). These tide gauges are located in areas where tidal water level changes are proportional to SLR (see Section 3.1), in order to more easily illustrate the effects of SLR on the tides. D. Idier et al. Continental Shelf Research 137 (2017) 56-71 mainly by modifying the intensity of the changes rather than the sign. To complete the analysis, Fig. 7a shows M2 phase changes for SLR= +2 m: the dominant pattern represents a phase advance (i.e., an earlier arrival of the M2 wave). Along the Dutch and German coasts, the phase advance can reach 30 min (which is also visible in Fig. 4 , for example at the Dutch site S09), whereas there is a phase delay of up to 20 min along the Norwegian coast. To a first approximation and at the scale of the European Shelf, assuming that the tide is a shallow water wave with a speed of c gD = , the overall phase advance can be explained, as in Pickering et al. (2012) , by an increase in speed as the water depth (D) increases. At a more local scale, the observed phase delays seem to be related to the migration of the amphidromic points.
Physical mechanisms and effects of different flooding options
Several mechanisms could explain the tidal changes induced by SLR. These mechanisms include reduced damping (due to increases in the water depth), changes in the resonant periods of the system (due, for instance, to changes in wave celerity induced by the greater water depth), and increased reflection at the coast (in the case of a "no flood" option). We investigate these mechanisms considering sea-level rises less than or equal to 2 m, and we provide a site-by-site analysis in Section 4.4. D. Idier et al. Continental Shelf Research 137 (2017) 56-71 
Reduced damping
The effect of reduced damping is investigated through computations with an SLR value equal to 0; however, a bed friction drag coefficient Cd is used to account for sea-level rise, so that Cd/D remains constant regardless of sea-level rise. The bed friction follows a Strickler formulation in our hydrodynamic model. This condition is written in a Strickler form:
with the subscript 0 indicating the K and D values for the control scenario SLR=0. This implies a non-uniform Strickler distribution. We consider a sea-level rise of 2 m. Fig. 9a shows the corresponding Strickler values K(SLR=2). The ξ max changes induced by the reduced damping K(SLR=2) (Fig. 9b ) and by a sea-level rise of 2 m (Fig. 9c) are of a similar order of magnitude (centimeters). Fig. 9d compares the sign of the ξ max variations; the patterns appear to be consistent in many areas (especially in the eastern part of the English Channel, the southern part of the North Sea, and the Irish Sea). The main areas of discrepancy are in the western English Channel and parts of the Celtic Sea, where the reduced damping induces an increase in ξ max , whereas an SLR of +2 m induces a decrease in ξ max . In the Bay of Biscay, the pattern is reversed; the reduced damping and the sea-level rise induce a decrease and an increase in ξ max , respectively. These results suggest that (1) a significant part of the tidal changes would be due to the reduced friction induced by the SLR, especially in the eastern English Channel, the southern part of the North Sea and the Irish Sea; (2) the reduced friction alone cannot explain the changes observed in the western English Channel, parts of the Celtic Sea and the Bay of Biscay.
Resonance
The amplitudes of tides on the Western European shelf is related to resonance phenomena. To check whether a sea-level rise would modify the resonance properties and whether the resonance period T R would move closer to (or further from) the tidal component periods, we estimated the resonance period for the SLR scenarios of 0 and 2 m, using an approach similar to that of Liang et al. (2014) and Bertin et al. (2012) . (1) A series of runs is performed, imposing sinusoidal waves with an amplitude of 0.1 m and a period varying from 3 h to 27 h at the open boundaries of the model, (2) computation of the amplification Fig. 1a) for the "no flood" and "flood" scenarios.
D. Idier et al. Continental Shelf Research 137 (2017) 56-71 ratio Â, defined as the ratio between the local wave amplitude and the amplitude at the open boundary of the computational domain (i.e., 0.1 m). Fig. 10a shows the maximal amplification ratio Â. It highlights areas of strong amplification (Â > 30), such as the central part of the French Atlantic coast, the Bay of Mont Saint Michel and the Bristol Channel. Fig. 10b shows the corresponding periods and highlights areas with periods of 5 h, 7-8 h, and 11 h, as well as the northwestern Irish Sea, which displays a period of 17 h. In the following discussion, we focus on areas where the changes induced by sea-level rise are in the opposite direction to those induced by reduced damping (Fig. 9d) , i.e., the Celtic Sea, the Bristol Channel, the western English Channel and the central part of the French Atlantic coast. The Irish Sea, where SLRinduced water level changes are related to resonance property changes (Pelling et al., 2013a) , is also investigated. Fig. 10c provides, for these areas, the amplification factor Â as a function of the period of the signal imposed at the offshore boundaries. Although we do not aim to achieve a detailed or precise analysis of the resonance phenomena, we validate the above pragmatic approach by comparing the resonance period obtained for the SLR=0 scenario ("no flood") with resonance periods D. Idier et al. Continental Shelf Research 137 (2017) 56-71 from the literature. Most of the reported resonance periods are based on theory and provide values for idealised cases, so that their application to real sites may not be exact but should provide a good enough approximation for validation purposes. For instance, for a semi-enclosed basin, the (quarter-wavelength) resonance period T R can be approximated by T L gD = 4 / R , with L being the basin length. The estimate of the resonance period in the Celtic Sea and Bristol Channel made by Pugh (1987) is based on this approach.
For points G1 to G5, local maxima are observed at T R~5 h, T R~7 h and T R~1 1 h. In the north-western Irish Sea (G1), the most amplified perturbation occurs at T R =17 h, which agrees qualitatively with the value of 15.7 h obtained using the quarter-wavelength resonance formula (Pelling et al., 2013a) . Farther east (G2), this mode is still present with the same amplification factor, but the most amplified perturbation is observed for T R =7.25 h. In the Celtic Sea (G3), the most amplified perturbation occurs at T R =10.75 h. Pugh (1987) estimated that the resonance period should be slightly larger than 12 h, but smaller than the semi-diurnal tidal component periods, using the quarter-wavelength resonance formula. Both estimates give a resonance period smaller than the M2 period. In the Bristol Channel (G4), several modes are observed (e.g., 5 h, 7 h, 10.75 h), but the dominant one, as for G2, is T R =7 h. This is in agreement with the study of Liang et al. (2014) . In the western English Channel (G5), there are also several modes, and the most amplified one occurs at T R =10.75 h. Finally, along the central part of the French Atlantic coast, there is a broad band of amplified modes between T~4 h and T~7.5 h with a maximum at T R =6.75 h. Such a broad band was also observed by Bertin et al. (2012) , but the maximum amplification occurred at a smaller period (T R~5 .3-5.8 h). For each of the above locations, the local maximum of Â does not fall within the quarter-diurnal or semidiurnal band of the tidal components (gray area in Fig. 10c) . However, the quarter-and semi-diurnal tidal component periods fall in a regime with significant amplification (e.g., Â~18 at point G6 for the quarterdiurnal tidal periods), confirming that resonance phenomena play a role in the local amplitudes of quarter-and semi-diurnal tidal components. Fig. 10c shows that the main change induced by sea-level rise (here, +2 m) is a shift in the semi-diurnal resonance period (T R~1 1 h) toward smaller periods (Fig. 10c) , i.e., further from the band of the semidiurnal tidal components. In contrast to the Irish Sea, the Celtic Sea and the Bristol Channel, the changes in the resonance periods along the central part of the French Atlantic coast (G6) are very small. Fig. 10c also shows that a reduced damping scenario (K(SLR=2) and SLR=0) induces only a few changes in the resonance periods and amplitude, suggesting that the changes in resonance properties are mainly induced by changes in tidal wave characteristics, rather than by reduced damping.
Effect of the flooding option: flood versus no flood
Additional simulations are done with the "flood" option in order to (1) assess the effects of the flooding option on the results obtained in Section 3 and thus the reliability of the conclusions, (2) provide material for the analysis of mechanisms.
First, the M2 phase changes appear sensitive to the "flood"/"no flood" mainly in the North Sea, with a smaller tidal advance occurring in the southeastern part (along the coasts of Belgium and the western Netherlands) and a shift from phase advance to phase delay along the northern Danish and southern Norwegian coasts (Fig. 7b) .
Second, the relative changes (Δξ max /SLR) obtained for both the "flood" and "no flood" scenarios have the same sign in most areas (57% of the domain) (Figs. 6a2 and 11a1) . In some areas that previously showed an increase in ξ max , a decrease is now observed (e.g., the German Bight, the Dutch coast and, to a smaller extent, the Irish Sea). In these areas, future tides will thus be mostly sensitive to coastal defense scenarios. The proportionality coefficients a ξ max display the same order of magnitude in both scenarios (Figs. 6b2 and 11a2) , while the areas with proportional behavior (colored areas in Fig. 11a2 ) are less widespread in the "flood" case, meaning that, compared with the "no flood" case, tidal changes are less proportional to SLR when the "flood" option is activated. Fig. 8 illustrates the influence of the "flood" option for a wide range of SLR values. (1) For the three locations A, B and C, the magnitudes of the changes decrease overall. (2) Contrary to the "no flood" case, changes at point C (Wadden Sea) do not display any proportionality with SLR (Δξ max first increases to SLR=+2 m and then decreases to negative values for SLR larger than +3 m).
To provide estimates of probable trends in the future, we compute the mean of the a ξ max coefficients obtained for the "flood" and "no flood" scenarios (Fig. 11a2, b2) . The areas consistently characterized by the largest changes are the western English Channel (a ξ max~− 0.15) and the northern channel of the Irish Sea (a ξ max~+ 0.06) (Fig. 13b2) . In addition, a ξ max~+ 0.02 in the central part of the North Sea. At a finer spatial scale, for SLR at least up to +2 m, small but consistent increases are observed in front of several estuaries, such as the Gironde (France, Atlantic coast) and the Tyne (England, North-East). In these areas, this consistency suggests that the estimated trends are realistic.
Resonance characteristics have also been computed for the "flood" case (figure not shown). Overall, for SLR=0, the maximum values of the amplification ratio Â are slightly smaller than in the "no flood" case, whereas the patterns of the periods of the most amplified mode are very similar. A sea-level rise of 2 m induces changes in the amplitudes, but not in the periods.
Site-by-site analysis in the "no flood" case
In the Irish Sea, for SLR=2 m, (1) there is no significant change in the resonance properties of the most amplified mode (T R~1 7 h; Fig. 10c ), (2) damping reduction produces patterns very similar to those obtained using a sea-level rise of 2 m (Fig. 9) , (3) activating the "flood" option (i.e., reducing the reflection at the coast and increasing damping inland) leads to a smaller increase in ξ max (e.g., Point B in Fig. 8) . Thus, the two main processes causing the increase in ξ max with SLR would be the reduced damping (via the friction term) and the increase in reflection at the coast. This interpretation differs from that of Pelling et al. (2013a) , who suggested that changes are mainly linked to a shorter resonance period.
In the Celtic Sea, ξ max increases in the western part and decreases towards the English Channel and north of Cornwall (Fig. 9c) . Our modelling tests show that (1) a reduced damping leads to an increase in ξ max (Fig. 9b) ; (2) over most of this area, similar changes are obtained in the "flood" case; (3) there is almost no change in resonance properties in the "flood" case, whereas there is a shift away from the tidal semi-diurnal component in the "no flood" case (see point G3 in Fig. 10c) . Thus, tidal changes would result from reduced damping, counteracted by changes in resonance properties. This explains why ξ max increases in some parts of the Celtic Sea and decreases in others. Fig. 12 shows the changes for SLR=0.5, 1 and 2 m in the Bristol Channel. For the "no flood" case, the patterns do not change significantly from one SLR value to another. In the eastern and western parts, ξ max increases and decreases, respectively. In the "flood" case, the results differ mainly in the eastern part, with ξ max decreasing for SLR=0.5 m and slightly increasing locally for SLR=1 and 2 m. This suggests that reflection at the coast plays a significant role in the eastern part. In addition, reduced damping results in an increased maximum water level (Fig. 9b) , whereas sea-level rise causes a shift of the 10.75-h resonance mode away from the periods of the semi-diurnal tidal components (Fig. 10 -point G4) . Thus, ξ max would result from the competition between reduced damping (and reflection) and changes in the resonance properties.
In the English Channel, ξ max increases in the western part and decreases in the eastern part. A reduced damping (K(SLR=2)) leads to an increase in ξ max for most of the English Channel (Fig. 9b) , whereas D. Idier et al. Continental Shelf Research 137 (2017) 56-71 the shift in the two largest resonance modes (9.5 and 10.75 h) away from the periods of the semi-diurnal tidal components results in a decrease of ξ max . Similar changes are obtained when flooding is allowed, suggesting that additional reflection at the coast does not play a significant role. Thus, the ξ max decrease (increase) in the western (eastern) part would be mainly driven by changes in resonance D. Idier et al. Continental Shelf Research 137 (2017) 56-71 properties (reduced damping). Along the German Bight coastline, both ξ max and the M2 amplitude increase with SLR (in the G2 range). Based on Pelling and Green (2014) , the SLR-induced tidal changes could be related to the increased energy flux entering the North Sea through the Dover Strait, so that the North Sea behaves less like a semi-enclosed basin. Indeed, there is a significant modification in the tide around the Dover Strait (Fig. 6b) . In the "flood" case, both ξ max and the M2 amplitude are decreasing in the German Bight, whereas the M2 amplitude along the eastern coast of the UK is almost the same with and without flooding (except in the Norfolk area). In addition, reduced friction (K(SLR=2)) produces an increase in ξ max over a large part of North Sea, including the German Bight (Fig. 9b) . Therefore, the increase in ξ max ("no flood" case) in the German Bight would be related to reduced damping (smaller local dissipation) and increased reflection at the coast.
Along the central part of the French Atlantic coast, there is no change in the resonance period (G6, Fig. 10c ), while reduced friction and sea-level rise produce decreases and increases in ξ max , respectively (Fig. 9b,c) . ξ min also increases with SLR, so that the changes are not symmetric. Changes in the amplitudes of the M2 and M4 components have the same order of magnitude, but a decrease is observed for M2 and an increase for M4 ( Fig. 13a1 and b1 ). M2 displays almost no phase changes, whereas M4 displays a significant negative change (−10°to −20°) ( Fig. 13a2 and b2) . The M4 phase relative to the M2 phase (2φM2−φM4) ranges from approximately 220°to 280°, corresponding to an ebb-dominant tide, for SLR=0 and from approximately 230°to 290°for SLR=2 m. This increased tidal asymmetry seems not to be related to the reduced friction (computation with the equivalent friction K(SLR=2) shows almost no change in the amplitudes and phases of M2 and M4) or to the decrease in the M2 amplitude (see the terms producing asymmetry in the 1D shallow-water equations in Parker (2007) ). Because the "flood" case does not show any increase in asymmetry, it may be that the increased tidal asymmetry (and the increase in ξ max ) in the "no flood" case is likely due to increased reflection at the coast.
Discussion
Regional variability of sea-level rise
The above mechanisms analysis shows that SLR-induced tidal changes result from local and non-local processes. This is consistent with the simultaneous existence of areas that respond proportionally to SLR and others that do not (Section 3). These results are based on the assumption that sea level will rise uniformly. However, future sea-level rise will display regional variability (Church et al., 2013a) . We therefore analyze to what extent tidal changes (relative to the local SLR) induced by a uniform or a non-uniform SLR would be significantly different by considering a synthetic idealised non-uniform SLR field, based on Slangen et al. (2014) (Fig. 14a) . This SLR scenario corresponds to the current state of knowledge of the regional variability of future sea-level rise on the European continental shelf, given a global mean sea-level rise of 0.5 m by 2100 and the RCP4.5 climate change scenario. Fig. 14b ,c shows the relative water level changes obtained. To quantitatively assess the effect of non-uniform SLR, we compute, in each grid cell, the relative difference (Δ1−Δ2)/Δ2, with Δ1=(Δξ max / Fig. 13 . Changes in tidal amplitude (1) and phase (2) for SLR=2 m, relative to SLR=0, for the M2 (a) and M4 (b) tidal components.
D. Idier et al. Continental Shelf Research 137 (2017) 56-71 SLR) for the non-uniform scenario and Δ2=(Δξ max /SLR) for the SLR=0.5 m scenario (which is the scenario whose SLR value is the closest to the spatial average of the SLR values of the non-uniform scenario). Over most of the domain (92%), the differences are smaller than 1% (Fig. 14d) , while most of the areas characterized by a response proportional to the uniform SLR (Section 3) display differences smaller than 1%. The largest differences can reach 10% and are observed mainly in the Irish Sea, the Celtic Sea, and the Bristol Channel and some bays, such as the Bay of Inverness. These differences are consistent with the mechanisms analysis (Section 4); the SLR-induced reduction in bed friction (a local process) could explain the overall similarity in terms of the orders of magnitude and signs between the non-uniform and uniform SLR-induced changes, whereas the increased reflection at the coast and changes in resonance properties (non-local processes) could explain the quantitative differences between the relative tidal changes induced by non-uniform and uniform SLR scenarios. Similar results are obtained from comparisons with the uniform SLR=1 m scenario. As the relative changes (Δξ max /SLR) obtained up to SLR=+1 m do not appear to be sensitive to the assumption of SLR uniformity in areas with tidal changes proportional to SLR, this prediction could be updated by combining maps of a ξ max (Fig. 6b1 ) and other non-uniform future SLR predictions, insofar as the local SLR is smaller than or equal to +1 m. Given that the a ξ max map obtained for the G2 range is similar to that obtained for the G1 range, we expect this conclusion to be valid for SLR values ≤2 m. This test, which is based on existing knowledge of future SLR regional variability, provides a first quantitative prediction of tidal changes (high tide level) by 2081-2100 for the RCP4.5 scenario (Fig. 14b) . It also highlights that taking into account SLR nonuniformity is useful in reducing uncertainties in future tidal changes, especially in areas displaying a non-proportional response to SLR.
Modelling assumptions
This study is based on assumptions which are essentially the same as those used in previous modelling studies. First, we assumed that the tidal components at the open boundaries of the computational domain ( Fig. 1) are not significantly modified by sea-level rise. Pickering et al. (2012) justified this assumption using the following two facts: (1) the open boundaries are located in deep water and far from the shelf (thus, they are not influenced by tidal changes inside the domain), (2) the M2 changes in the open boundary areas are small ( < 5 cm for SLR=+2 m). This is confirmed by Green (2010) , who obtained small changes (~2.5 cm) in the M2 components along the open boundaries of our model for a 5 m SLR.
Furthermore, we have not considered the effect of morphological changes, such as changes in coastlines due to erosion/accretion or modification of the bathymetry and bedforms. However, such changes are theoretically affected by the SLR, as well as many other phenomena, such as waves, changes in the sediment budget or the effects of coastal defenses (e.g., Stive et al., 2002; Le Cozannet et al., 2014) . Therefore, our capacity to anticipate future tide-SLR interactions is limited by our currently insufficient capabilities for producing longterm scenarios of shoreline and coastal morphology changes. A key factor is the morphological time scale of adjustment. For instance, the North Sea is characterized by many tidal sandbanks, which have doubling times of construction of a few hundred years, implying a total formation time of at least several thousand years (Idier et al., 2009 ). This timescale is much longer than the centennial timescale of expected sea-level rise. For other morphologies such as more dynamic bedforms (e.g., dunes) or shorelines, we can expect the morphological timescale to be closer to the scale of sea-level rise (e.g., Ranasinghe et al., 2012) . D. Idier et al. Continental Shelf Research 137 (2017) 56-71 
Comparison with previous studies
The results we obtained for the SLR=−0.25 m scenario (figure not shown) can be compared with observation-based studies (i.e., tide gauge analysis). First, Woodworth (2010) investigated recent changes in the main tidal components (M2, S2, K1, O1). With the exception of two locations (in the north of England and near Brest), our results show the same trend of recent increases in the M2 and S2 amplitudes along the Dutch and Danish coasts, as well as in the German Bight and the Irish Sea, and decreases along the east coast of England, in the Bay of Mont Saint-Michel and the Celtic Sea. Second, Mawdsley et al. (2015) investigated secular changes in tidal water levels. Our results show similar results on the European shelf. (1) There are areas with regionally consistent patterns of changes (e.g., the German Bight); (2) there are significantly more positive trends for high water levels and more negative trends for low water levels; and (3) the changes in high water level are spatially variable (in value and sign). Mawdsley et al. (2015) found no correlation between SLR and high water level changes. This is consistent with our study, which shows that, for the same SLR, changes can be very different from one site to another (e.g., Fig. 5) , and, to a lesser extent, that some locations do not exhibit changes proportional to SLR (e.g., Fig. 6b1 ). In addition, we found changes in (Δξ max / SLR) ranging from about −15% to +15%. Assuming that tide level changes are proportional to SLR and a rate of SLR of 3 mm/y (1992-2013) after Church et al. (2013a Church et al. ( , 2013b (SLR on the northwestern European shelf is close to the global trend), such range would correspond to trends (in tidal range) ranging from about −0.9 to +0.9 mm/y. These values are of the same order of magnitude as the trends obtained by Mawdsley et al. (2015) on the Northern European shelf. Thus, a significant part of the tidal changes observed at tide gauges would relate to the effects of SLR.
Many modelling studies have investigated the effect of SLR on tides (see the review of Pickering et al. (2012) ). We focus on the most recent studies (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013; Pelling and Green, 2014) . The related methods are summarized in Table 1 . None of these studies provide maps of maximum water levels, but they all provide maps of M2 amplitude changes. Therefore, the comparison is limited to M2 changes. First, we focus on the results obtained by Pickering et al. (2012) and Pelling et al. (2013) for +2 m and +5 m SLR scenarios, under the "no flood" assumption. Our study provides patterns of M2 amplitude changes (SLR=+2 m) that are consistent with both studies. The only discrepancy is the positive trend along the Danish coast given in Pickering et al. (2012) . In terms of magnitude, the three studies show changes of up to 10-15% of SLR. In terms of proportionality, Pickering et al. (2012) observe that changes in M2 amplitudes are not proportional to SLR, whereas the results of Pelling et al. (2013) and the present study show that, in the "no flood" case, these changes are proportional to SLR over most of the domain. Finally, we can refer to the study of Roos et al. (2011) , in which sensitivity tests of SLR (0-2 m) conducted in the North Sea show that the patterns of increase and decrease in the M2 amplitude remain unchanged regardless of the SLR value. As in our study, strong increases in M2 were noted in the Dover Strait and the German Bight. Ward et al. (2012) and Pelling et al. (2013) also considered the "flood" case, and investigated large SLR scenarios (≥2 m). Both studies noted a decrease in M2 amplitude for SLR=+2 m, and an increase for SLR=+5 m, in the Irish Sea. We obtained the same result (figure not shown). However, this does not mean that the high tide water level ξ max will follow the same behavior. Indeed, our study suggests that ξ max would increase for most parts of the Irish Sea, even when flooding is allowed. This highlights the importance of accounting for other tidal components when attempting to draw conclusions about tidal water levels. Next, we consider possible outcomes for smaller SLR values. Pelling and Green (2014) suggested that, in the Irish Sea, the M2 amplitude increases for SLR=+0.5 m and SLR=+1 m. This would mean that M2 amplitude first increases when SLR=+0.5, +1 m, then decreases when SLR=+2 m, and finally increases when SLR=+5 m. In our study, the M2 amplitude decreases for SLR=+0.5, +1 m, and +2 m, and increases for SLR=+5 m. Our results are consistent with those of Pelling et al. (2013) for SLR=+2 m and +5 m, but not with those of Pelling and Green (2014) for smaller SLRs. As our results are consistent with the results of Pelling et al. (2013) and Pelling and Green (2014) for the "no flood" case, we suspect that the observed differences relate to the topographic data used in the various studies: Pelling and Green (2014) used GEBCO data with a resolution of 1 arcminute, whereas we used GTOPO30 data with a resolution of 0.5 arcminute. Regardless of the explanation for these differences, as shown by the above results, over a very large SLR range (from +0.5 to +5 m), the sign of the M2 component changes depending on the SLR value in the Irish Sea. Our study confirms this spatial dissimilarity of the M2 component, but shows that, for SLR≤2 m, the change in high tide levels remains spatially similar over a large part of the Irish Sea, regardless of the flooding option. Lastly, our conclusion that the changes are less proportional to SLR for "flood" cases than for "no flood" cases is in agreement with the results of Pelling et al. (2013) and Pelling and Green (2014) .
In the above coastal defense scenarios, we assumed a spatially uniform choice ("no flood" or "flood"). In reality, this will not be uniform. Pelling and Green (2014) investigated the effect of partial flooding. This third scenario causes the greatest changes in M2 amplitude. This result confirms that information on future tides requires knowledge of future choices. It also shows that coastal defense strategies have a cross-border dimension. One way to reduce uncertainties in terms of water level projections would be to establish direct Table 1 Summary of recent studies (after 2012) showing the methods used. 2DH refers to a depth-averaged 2D model. For a review of earlier modelling studies, see Pickering et al. (2012 interactions between modelling (by integrating SLR, tides, atmospheric surges, and waves), extreme statistics on water levels, and coastal managers at local, national, and cross-national scales.
Flooding implications
The majority of tide gauges along the world's coastlines show changes in extreme water levels which are comparable to the rising mean sea-level (MSL) (Woodworth et al., 2011) . Future total water levels will result from the sum of relative SLR, which includes vertical ground motions in a terrestrial framework , tide, surge and interaction components. Sea-level rise will induce changes in tidal water levels (locally up to 15% of SLR), as well as storm surges, whether directly or indirectly through tide-surge interactions (this interaction can reach tens of centimeters, as shown by Idier et al., 2012) . In addition to the effects of SLR-induced tidal changes on water levels in the German Bight, Arns et al. (2015) showed that increases in design water levels are expected to be above the SLR rate, an assertion also supported by our study on this area. Importantly, the difference in heights of extreme water levels for events with return periods of 100 years to 1000 years is generally not larger than several 10's of centimeters. Hence, a 10-15% modulation of SLR by the SLR-tide interaction process is not negligible from the point of view of flood prevention and adaptation planning. In fact, all other things being equal, some areas such as the western English Channel will have more time to adapt before critical levels are exceeded. Conversely, other locations such as the German Bight ("no flood" case) will require adaptation measures earlier. For the numerous locations where the high tide level (ξ max ) varies proportionally to sea-level rise, the values obtained in Figs. 6b2, 11b1 and b2 can be used to adjust scenarios for the local extreme water levels that could occur in the future.
The design of future local mean sea-level scenarios is of great importance for coastal adaptation, risk prevention and land use policies. Some countries, such as France, use nationally uniform SLR scenarios. Here, we provide further evidence that this type of approach induces local errors, and that future sea-level scenarios need to be designed regionally and even locally.
Conclusions
A validated shallow-water hydrodynamic model has been used to investigate the effects of SLR on the tides of the western European Continental Shelf for a wide range of SLR values (from −0.25 to +10 m). The results show changes in the M2 amplitudes that can reach values of +/−15% of SLR, confirming recent studies. Moreover, the 12 largest astronomic tidal components, as well as the maximum water levels, have been investigated. The largest changes in amplitude were observed for the M2, S2, N2, M4 and MS4 tide components. The changes in tidal water levels appear to be not exactly similar to the changes in M2 components, highlighting the need to take into account other tidal components, especially the quarter-diurnal ones, to accurately anticipate future SLR-tide interactions. In terms of spatial similarity and proportionality (question Q1), when it is assumed that land areas are protected from flooding, the tide components and the maximum tidal water levels vary proportionally to SLR over most of the domain, up to at least SLR=+2 m. However, some areas show nonproportional behavior (e.g., the Celtic Sea and the German Bight). The changes in high tide water levels range from −15% to +15% of SLR, with a decrease observed in the western English Channel and increases in the Irish Sea, the southern part of the North Sea and the German Bight. The changes in tidal water levels result from the competition between reduced bed friction, changes in wave characteristics (and resonance properties), and increased reflection at the coast, i.e., between local and non-local processes (question Q2).
The tide in the eastern part of the North Sea and the Celtic Sea is very sensitive to the "flood"/"no flood" option (question Q3), while the tide in the northern channel of the Irish Sea and in the western English Channel is almost insensitive. In addition, the tidal changes relative to local SLR values induced by non-uniform SLR display significant differences over 8% of the domain (mainly in areas exhibiting a nonproportional response to uniform SLR). Thus, the results from studies assuming uniform SLR, although valid for investigating the mechanisms responsible for SLR-induced changes, should be used with caution, especially in areas exhibiting a non-proportional response to SLR, such as the Celtic Sea or the German Bight (question Q4).
With the implementation of the first coastal adaptation plans, it is becoming important to better anticipate future changes in tidal dynamics and total water levels in the context of future regional SLR. The main trends in SLR-tide interactions can be relatively well anticipated in many areas of the western European continental shelf. Advances in knowledge of future (non-uniform) sea-level rise, coastal defense choices, geormorphological changes and coastal ground motion should allow further reductions in the uncertainty of predictions.
